Both endosomal and cytosolic-nucleic acid-sensing receptors can detect endogenous ligands and promote autoimmunity and autoinflammation. These responses involve a complex interplay among and between the cytosolic and endosomal sensors involving both hematopoietic and radioresistant cells. Cytosolic sensors directly promote inflammatory responses through the production of type I IFNs and proinflammatory cytokines. Inflammation-associated tissue damage can further promote autoimmune responses indirectly, as receptor-mediated internalization of the resulting cell debris can activate endosomal Toll-like receptors (TLR). Both endosomal and cytosolic receptors can also negatively regulate inflammatory responses. A better understanding of the factors and pathways that promote and constrain autoimmune diseases will have important implications for the development of agonists and antagonists that modulate these pathways. J. Leukoc. Biol. 100: 000-000; 2016.
Studies over the past decade have revealed a central role for innate immune sensors in both the initiation and amplification of autoimmune and autoinflammatory diseases. SLE, a multisystem disease characterized by the overproduction of pathogenic autoantibodies and immune complex-driven inflammation [1, 2] , is promoted by the activation of NA-sensing endosomal TLRs [3, 4] . TLR7-deficient and TLR7/TLR9 double-deficient autoimmuneprone mice develop much less severe clinical phenotypes and exhibit markedly prolonged survival [5, 6] . As predicted, overexpression of TLR7, as a result of the Yaa gene duplication or TLR7 transgene expression, confers a much more severe disease profile than that of SLE-prone mice [7, 8] . However, paradoxically, through mechanisms that remain unresolved, essentially all SLEprone mice that fail to express only TLR9 develop more severe disease [9] [10] [11] . It has been proposed that TLR9-deficiency simply reflects overactivation of TLR7 or other TLRs, which more effectively engage Unc93B1 in the absence of TLR9 [12] . Alternatively, TLR9 may directly limit the duration or quality of an immune response through the induction of negative regulators of the TLR7 signaling cascade or other mechanisms that limit the duration of TLR7 activation. Either way, these data point to the importance of investigating both proinflammatory and antiinflammatory activities of TLR9.
NA-sensing receptors are also present in the cytosol [13] and include DNA sensors, such as cGAS, that promote the production of type I IFNs and NFkB-dependent proinflammatory cytokines, as well as DNA sensors such as AIM2 that trigger inflammasome assembly and caspase-1-dependent maturation of IL-1b or -18 [14, 15] . Interferogenic cytosolic DNA sensors signal via an ER-associated protein, STING [16] [17] [18] . The role of the STING pathway in immunity to DNA viruses and bacterial infection is well established [19] . More recent studies have now further implicated STING in the pathogenesis of autoinflammatory diseases resulting from the excessive accrual of endogenous DNA or DNA/RNA hybrids in the cytosol of patients and mice that lack requisite nucleases [20, 21] . Examples include diseases resulting from hypoactive TREX1 (DNaseIII), RNase H2 subunits, or DNA repair enzymes (AGS and forms of SLE) [20, 22] . Autoinflammation also occurs in individuals with STING gain-of-function mutations such as children afflicted with SAVI [23, 24] . Despite the genetic associations linking cytosolic sensors and autoinflammation, numerous questions remain as far as the ligands, target tissues, and mechanisms responsible for the diverse clinical phenotypes associated with hyperactivation of STING, and in particular how pathways downstream of the endosomal and cytosolic receptors interface with one another.
ENDOGENOUS LIGANDS OF NA SENSORS
The endosomal TLRs detect NA-associated macromolecules released from damaged or dying cells, and thereby promote the activation of plasmacytoid dendritic cells, autoreactive B cells, neutrophils, and other immunoregulatory cell types [25] , and the ensuing production of type I IFNs, proinflammatory cytokines, and pathogenic autoantibodies. In all cases, selfligands need to gain access to the TLR-containing endolysosomal compartments, either through receptor-mediated or autophagosome-related processes. For B cells, the most relevant receptor is the antigen receptor, and the specificity of these activated B cells is reflected by the autoantibodies they produce. Many of these autoantibodies are referred to as ANAs, because they react with dsDNA or chromatin (homogeneous nuclear staining pattern), or with subcellular RNA-associated macromolecules such as spliceosomes or nucleoli (speckled nuclear staining pattern), reflecting the activation of TLR9 and -7/8, respectively. Other autoantibodies recognize nuclear and cytoplasmic structures involved in DNA repair, RNA transcription, or even generation of miRNAs [26] [27] [28] [29] . The endogenous ligands for the cytosolic NA sensors include nucleic acids released from saturated phagolysosomes [30] , but also retroelement intermediates, damaged DNA extruded from the nucleus, mitochondrial or oxidized DNA, and aberrant replication intermediates [31] [32] [33] [34] [35] . Therefore endogenous ligands in the cytosol are derived from both extrinsic (phagosomes) and intrinsic (retroelements) sources and may, or may not, be dependent on receptor-mediated internalization.
THE ROLES OF MULTIPLE CELL TYPES AND MORE THAN ONE RECEPTOR IN STING-ASSOCIATED INFLAMMATION
A wide range of hematopoietic and nonhematopoietic cells express STING. Nevertheless, diseases associated with hyperactive STING have unique tissue specific clinical manifestations. AGS presents as an early-onset neuroinflammatory condition, and SAVI is thought to begin as vasculitis. To better understand where and how nuclease deficiencies can trigger inflammation, Trex1, RNase H2, and DNaseII loss of function mutations have been evaluated in murine models [30, 31, 36] . In all cases, the gene-targeted mice developed type I IFN-driven systemic autoinflammation that was either completely or partially prevented by STING deficiency. However, in contrast to the prominent neuroinflammation associated with AGS patient populations, Trex1 2/2 mice initially exhibit myocarditis and then subsequently develop inflammation of the skeletal muscle, tongue, skin, and the glandular stomach, but not the brain [37] . Stetson and colleagues [37] further explored the initiating events in the TREX1 2/2 mice using an IFN reporter line and found that STING appeared to first trigger inflammation in cardiac endothelial cells. Inflammation then spread to other tissues and resulted in the indirect activation of T and B cells along with the production of ANAs. They further demonstrated that Trex1 deficiency in hematopoietic cells was not sufficient for inflammation by comparing radiation chimeras where either the donor or radioresistant host cells were Trex1 deficient. Using a similar chimeric protocol, Barber and colleagues [38] found that that Trex1 2/2 macrophages and dendritic cells were inherently primed for elevated cytokine production. Together, these data point to a pivotal role for both hematopoietic and nonhematopoietic cells in STING-driven inflammation resulting from excessive accrual of endogenous DNA ligands. How these data pertain to target tissues in AGS and SAVI is an open question. DNaseII is a lysosomal nuclease active at low pH that is essential for the degradation of cellular DNA taken up by phagocytosis. In the absence of DNaseII, excessive endolysosomal DNA that cannot be degraded is thought to escape from the phagocytic compartment and enter the cytosol, where it can then activate cytosolic DNA sensors [30] Table 2 ). The nature of the radioresistant cell(s) and the relevant sensor in each of these cell types (STING, AIM2, or additional receptors) remain to be determined, but these studies demonstrate synergy between hematopoietic and nonhematopoietic cells in NA sensorinduced inflammation.
B CELL EXPRESSION OF ENDOSOMAL, BUT NOT CYTOSOLIC, NA SENSORS IS NECESSARY FOR AUTOANTIBODY PRODUCTION
Endosomal TLRs clearly play a role in the activation of autoreactive B cells in the context of SLE as TLR9-and TLR7-deficient SLE-prone mice fail to make autoantibodies against dsDNA-associated autoantigens or RNA-associated autoantigens, respectively [5, 42] . STING is also expressed in B cells and Beutler and colleagues [43] reported a key role for STING in B-cell responses to T independent type II antigens, where extensive cross-linking of the BCR leads to the induction of retroelement transcription. This observation raised the possibility that autoantigen complexes could sufficiently cross-link the BCR to cause STING activation and thereby provide a "second signal" in place of TLRs. We have explored the potential contribution of STING to autoantibody production in [ (Table 1) . These data clearly demonstrated that endosomal TLRs, and not cytosolic DNA sensors, are required for autoantibody production even in models of STING-associated inflammation.
Although it may be assumed that ANA production in these mice would be driven by BCR/TLR9 coengagement after BCRmediated internalization of undegraded DNA, we were surprised to find that the HEp2 staining pattern of [DNaseII 3 IFNaR] DKO and [DNaseII 3 IFNaR 3 STING] TKO sera were either speckled nuclear or cytoplasmic [45] , not homogeneous nuclear, as typically found in Trex1 2/2 mice [37, 38] . These staining patterns are indicative of autoantibodies elicited in BCR/TLR7/ 3/8 activated cells. Even though DKO mice express functional TLR9 and can respond to CpG-rich oligodeoxynucleotides, these mice fail to make anti-dsDNA autoantibodies because DNaseII degradation of endogenous dsDNA is necessary to generate DNA fragments sufficiently small to engage TLR9 [45, 46] . As described above, DKO→Het radiation chimeras fail to develop arthritis; they also almost always fail to make ANAs [41] . However, DKO→DKO chimeras as well as DKO→Unc93b1 TKO chimeras do make ANAs, whereas Unc93b1 TKO→DKO chimeras do not [41] (and unpublished data). These studies indicate that inflammation triggered by radioresistant DNaseII-deficient cells promotes cell death and the generation of cell debris that can then be taken up by self-reactive B cells to drive autoantibody production through a TLR-dependent mechanism. Since DNaseII is required to generate endogenous TLR9 ligands, DNA/ chromatin-specific B cells are not activated. Only RNA-reactive TLRs can be activated by the cell debris resulting in the activation of B cells specific for RNA or RNA-associated autoantigens.
DKO mice develop additional manifestations of autoimmunity, including splenomegaly. This splenomegaly is associated with increased Ter119 + cells and therefore extramedullary hematopoiesis, and is linked to the disruption of the erythropoietic niche in the bone marrow. DKO erythroid island macrophages cannot degrade extruded reticulocyte nuclei and therefore accrue excessive amounts of DNA, which is presumed to cause an inflammatory response that impairs normal erythropoiesis. Remarkably, DKO splenomegaly is highly dependent on a bone marrow-derived Unc93b1-sufficient cell and only modestly dependent on STING; DKO→DKO BM chimeras and DKO→Unc93b1 develop splenomegaly, but DKO→Het and Unc93b1 TKO→DKO chimeras do not (Table 2) . Thus, splenomegaly also depends on the interplay between donor and host NA sensors.
A ROLE FOR STING IN MURINE SLE
STING definitively promotes inflammation in Trex1 2/2 ,
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2/2
, and DNaseII 2/2 mice, all examples of overtly excessive DNA accrual. Genetic associations between TREX1 mutations and SLE in patient populations [47, 48] potentially implicate STING in additional instances of systemic autoimmunity. Endosomal TLRs have also been implicated in psoriasis, systemic sclerosis, Sjögren's disease, and other rheumatologic disorders characterized by ANA production [43, [49] [50] [51] [52] [53] . These observations raised the question as to how cytosolic sensors may contribute to more common forms of SLE. To better understand the impact of cytosolic DNA sensing pathways in systemic autoimmune disease, we intercrossed STING 2/2 mice with the [54] . Furthermore, 2,6,10,14-tetramethylpentadecane-mediated inflammation/lupus was similarly aggravated in B6 STING-deficient mice compared to STING-sufficient controls [54] . These studies revealed a previously unanticipated role for STING in the negative regulation of TLR-dependent systemic autoimmunity, and paralleled the paradoxical phenotype of TLR9-deficient SLE-prone mice. The exact mechanism(s) responsible for this apparently suppressive activity remains to be determined, but may include the activation of negative regulators of TLR signaling, such as SOCS1 or A20, or more subtle changes in the microbiome or gene transcription in the absence of STING-elicited pathways (Fig. 1) . We are not the only group to show that STING can negatively regulate immune responses. McGaha and colleagues [55, 56] have shown that AT-rich DNA-coated nanoparticles and apoptotic debris trigger myeloid cell production of IDO, and the subsequent expansion of Tregs, through a STING-dependent mechanism. Together, these observations define the capacity of both endosomal and cytosolic DNA sensors to promote inflammation and elicit critical negative regulatory effects [54] and provide intriguing evidence for a more complex role for STING in autoimmunity than previously anticipated (Fig. 1) .
As in the case of the cytosolic DNA-sensing receptors, it is intriguing to note that similar cross regulatory pathways have been identified between cytosolic RNA-sensing pathways and TLRs [57] . Indeed, Negishi et al. [57] showed that IRF3 activation downstream of RIG-I-like receptor signaling interferes with TLR-driven IL-12 transcriptional events. These data suggest multiple avenues for cross-regulation in the innate immune system that are likely to play a key role in attenuating the strength of inflammatory signals.
CONCLUDING REMARKS
The recent identification of the cGAS enzyme and the ability of STING to respond to cyclic dinucleotides [58, 59] , make cGAS and STING attractive targets for small-molecule therapy for autoinflammatory conditions, such as AGS, SAVI, and perhaps even SLE. Moreover, these studies form a basis for directed GWAS analyses on linkage between known SLE polymorphisms and STING. However, NA sensors such as STING and TLR9 clearly serve as both positive and negative regulators of inflammation. Further exploration and characterization of the relevant pathways and cell types is warranted to avoid potentially unanticipated dangerous outcomes in patients predisposed to the development of SLE or other TLR-driven autoimmune diseases. AUTHORSHIP S.S., K.A.F., E.M.G. and A.M.-R. designed the research, S.P., S.S., R.B., K.N. and P.B. carried out the research and analyzed the data, S.P., S.S., K.A.F. and A.M.-R. wrote the manuscript.
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